Introduction
The merger of structures and active controls in control-augmented structures appears to be one of the most promising means that have recently become available to engineers for making a quantum jump in structural efficiency, especially for dynamic applications in flight and ground vehicles, and in space structures. While extending the design freedom, inclusion of the active controls confronts structures designers with a coupled system whose behavior is a resultant of the structures-controls interaction governed by the design variables available in both disciplines. complexity of that behavior limits the effectiveness of intuition and past experience as design guides and suggests the use of a formal sensitivity analysis to support human judgment and to provide a basis for numerical optimization. These equations are differentiated with respect to the design variables to yield the sensitivity equations containing the derivatives of behavior as unknowns.
The purpose of the study reported herein is to test a new, alternative method of evaluating the structurecontrol system behavior sensitivity derivatives using the decomposition approach introduced in ref.3, and to show an example of the use of the method in optimization. In the method of ref.3, , the sensitivity equations are assembled from building blocks in which each block represents the partial sensitivity derivatives of each subsystem's output with respect to its input and its design variables. alternative method is that the partial sensitivity data are obtained from separate subt'asks, self-contained within each of the subsystems. This supports the division of large engineering projects among specialty groups, is compatible with the technology of distributed computing, and enables one to use experimental sensitivity data.
Structures-Controls System
The principal merit of this It is expedient to use a test case to introduce the method. The test case structure is a simple, cantilever beam shown in Fig.1 , subjected to static loads and to a dynamic excitation force at the tip. The model is controlled by two sets of actuators -one for the tip lateral displacement and another for the tip rotation. The active controllers limit the beam's dynamic displacements within prescribed bounds. The structure must also be sized to limit the static stresses below allowable levels.
The optimization problem to be solved for this system calls for the minimization of two objectives: the sum of the structural weight of the beam and the weight of the control system, and the control system effort. The control system weight component is assumed to be a simple analytical function of the control effort. Minimization of the control system effort is carried out within the control subsystem by recourse to the classical linear quadratic controller synthesis. static displacements and stresses, dynamic displacements, and natural frequencies. The design variables are the ratio of critical damping to frequency in the control subsystem and the beam cross-sectional dimensions in the structure subsystem. Additional details of the example are available in the Appendix.
In order to perform the optimization, it is necessary to calculate derivatives of the entire system response with respect to the design variables; the new method for sensitivity analysis is implemented for that calculation.
Constraints are imposed on the 2 Structures Subsystem
The beam constitutes a structure subsystem in the structure-control System. It is discretized in the span-wise direction into five segments of equal length. In the finite element displacement method used in the study, the finite element model has six nodal points, twelve elastic degrees of freedom (two per nodal point), and five twodimensional beam finite elements. A lumped mass representation is used to model the beam inertial characteristics.
The structural analysis for the beam dynamic response is comprised of equations for eigenfrequencies and eigenmodes (X -w 2 M)@i = 0
(1) and of load-deflection equations for the static loads
where w is a vector of static displacements and T is the load vector. TWO different sets of design variables are used in the structure subsystem. The first set includes the reciprocal of the cross-sectional bending moment of inertia and the cross-sectional area of each segment of the beam. The other combination is the width and depth of the rectangular beam cross-section for each segment.
Controls Subsvstem
It is assumed that the actuators are part of an optimal control system with a linear quadratic regulator, so that the control system is described by the following equations. 
The control input vector, computed front the system response using the gain matrix, can now be written as
and substituted into the state equation so that the controlled system response may be obtained from
where ( The other data channel represents the structurels influence on the control system through the vibration frequency and mode shapes. In addition to the data coupling the two subsystems, there is data output to the outside representing response of the entire system. This data is the output from each subsystem as f 01 lows :
Structures:
weight, natural frequencies and the values of the static stress and displacement constraints.
Controls
: weights and the values of the dynamic displacement constraints. Table 1 summarizes the coupling data and the design variables for both subsystems, and additional numerical details are given in the Appendix.
The generic governing equations may be written, in this particular case, as partitioned into the structural analysis S and control analysis C, and coupled by the presence of the output of one in the input of the other:
These equations correspond to the groups of equations 1-2 and 3 through 13, respectively. The partial derivative data that make up eq.22 is obtainable separately within each of the participating "black boxesI1 of structures and control by any technique available, e.g., analytically, by finite differences, or could even be produced experimentally. A simple, one-stepforward finite difference technique is used in this study in both the structures and controls subsystems.
Verification of the System Sensitivity Analysis and Results
To verify the system sensitivity method represented by eq.22, the following stepwise procedure was implemented: The constant parameters (gain levels) are set to achieve very low (almost negligible), moderate, and high levels of the control presence in the structural dynamics by changing the weighting matrices in the controls performance index. The results are shown in Tables 2, 3, 
$vstem Sensitivitv Derivatives
Used in ODtimizatiQn System sensitivity derivatives quantify "what if" questions that are an intrinsic part of the design process. They can also be used to guide a formal optimization algorithm. To demonstrate their usefulness in the latter, the structure-controls system was optimized by a piecewise-linear optimization method, using the system sensitivity derivatives calculated via eq.22 at each linear stage. optimization problem is given in the Appexdix, and the optimization procedure follows a sequence in which the system is initialized and a solution of this initial system (eq.19, 20) is obtained. The partial sensitivity derivatives for the structure and control subsystems are computed separately (see step 2 in The mathematical statement of the the procedure listed in the previous section), followed by a solution of eq. 22 for derivatives of the system response with respect to the design variables. The system is then optimized by approximating the objective function and constraints by linear extrapolation with respect to design variables, using the derivatives obtained above (see the Appendix for details of the formulation), and restricting the change of design variables by prescribing lower and upper bounds. The results from this design are used as the new set of variables for which the sensitivities must be obtained. This procedure is repeated until constraints are satisfied and there is no appreciable change in the objective function for three cycles of design.
The optimization procedure performed as expected. 
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